One of the challenges in additive manufacturing (AM) of metallic materials is to obtain workpieces free of defects with excellent physical, mechanical, and metallurgical properties. In wire and arc additive manufacturing (WAAM) the influences of process conditions on thermal history, microstructure and resultant mechanical and surface properties of parts must be analyzed. In this work, 3D metallic parts of mild steel wire (American Welding Society-AWS ER70S-6) are built with a WAAM process by depositing layers of material on a substrate of a S235 JR steel sheet of 3 mm thickness under different process conditions, using as welding process the gas metal arc welding (GMAW) with cold metal transfer (CMT) technology, combined with a positioning system such as a computer numerical controlled (CNC) milling machine. Considering the hardness profiles, the estimated ultimate tensile strengths (UTS) derived from the hardness measurements and the microstructure findings, it can be concluded that the most favorable process conditions are the ones provided by CMT, with homogeneous hardness profiles, good mechanical strengths in accordance to conditions defined by standard, and without formation of a decohesionated external layer; CMT Continuous is the optimal option as the mechanical properties are better than single CMT.
Introduction
One of the challenges in Additive Manufacturing (AM) of metallic materials is to obtain workpieces free of defects and with excellent physical, mechanical and metallurgical properties [1] to satisfy the strict requirements of engineering applications. Obtaining such mechanical requirements is a hard task, especially in parts fabricated as the result of layer by layer addition of the material. AM of metallic materials involves different techniques (powder bed fusion, binder jetting, sheet lamination, and directed energy deposition) and metals generally must be weldable and castable to be successfully processed in AM [2] . Till now, there have been only a limited number of commercial alloys used in
Materials and Methods

Materials for WAAM process
Experiments have been carried out on a substrate of a S235JR steel sheet of 3 mm thickness, 150 mm long and 100 mm wide. This substrate has two main functions: as a support for the deposited metal and as a heat dissipation system for the heat generated during the process by conduction transfer through the aluminum work table.
The wire material (AWS ER70S-6) is a 0.8 mm diameter mild steel wire with a copper coating supplied on a 15 kg coil. This steel is commonly used in a lot of applications related to construction work, pipes, shafts, car bodies, tanks, steel castings or forgings, and general shop fabrications.
The properties of the base material (substrate) and the deposited material are shown in Table 1 . The density of both materials is approximately the same, while the mechanical properties are better for the case of the deposited material. Table 1 . Properties of the substrate and the welding wire.
Mechanical Properties S235 JR AWS ER70S-6
Density (kg/m 3 ) 7800 7833 Yield point (MPa) 235 420 UTS (MPa) 370-510 500-640
Chemical composition of welding wire is shown in Table 2 . The results of the process depend on the protecting gas. It has been used a mixture composed of CO 2 (15%) and Argon (85%) that led to the stability of the process, improvement in the surface finishing quality, and a reduction of the splatters. It has been observed that the welding drops are smaller with the reduction of the amount of CO 2 .
WAAM Equipment
The WAAM equipment is composed of two different systems (Figure 1 ), as described in detail in a previous work [38] :
• Welding system: cold metal transfer technology, patented by Fronius®, was used as welding process with a Fronius TPS 4000 CMT R machine (Fronius International GmbH, Wels, Austria). In this technology the intensity and voltage control is made during the deposition. By virtue of this principle, the temperature of welding temperature is reduced and the wire movement is optimized. As a result of this, the quality of weld beads is better than using conventional GMAW welding [39] .
•
Positioning system. The control of the movement in an easy way was made by a BF 30 Vario Optimum CNC milling machine (Optimum Maschinen Germany GmbH, Hallstadt, Germany). It has been adapted by fixing the welding torch to the milling head in the Z axis, while the X-Y table of the CNC system enables the deposition of a layer in the fixed Z level. To deposit the next layer, the Z axis elevates the torch and makes the deposition in the next Z level.
As shown in Figure 1 , an auxiliary working table has been developed in order to isolate electrically both systems as well as to cool the working area. • Positioning system. The control of the movement in an easy way was made by a BF 30 Vario Optimum CNC milling machine (Optimum Maschinen Germany GmbH, Hallstadt, Germany). It has been adapted by fixing the welding torch to the milling head in the Z axis, while the X-Y table of the CNC system enables the deposition of a layer in the fixed Z level. To deposit the next layer, the Z axis elevates the torch and makes the deposition in the next Z level.
As shown in Figure 1 , an auxiliary working table has been developed in order to isolate electrically both systems as well as to cool the working area. 
Fabrication of Samples by WAAM
As explained in a previous work [38] , in WAAM processes, the final product is manufactured by melting a wire using an electric arc ( Figure 2 ). The deposition of the material rate is much higher with respect to other metallic additive manufacturing methods. In addition, higher working speeds allow higher workload and a significantly lower price than with other methods [40] . In this work, a set of WAAM samples have been manufactured under different process conditions, considering the parameters with more influence in the mechanical properties of WAAM parts:
o Metal inert gas (MIG) o CMT 
As explained in a previous work [38] , in WAAM processes, the final product is manufactured by melting a wire using an electric arc ( Figure 2 ). The deposition of the material rate is much higher with respect to other metallic additive manufacturing methods. In addition, higher working speeds allow higher workload and a significantly lower price than with other methods [40] . • Positioning system. The control of the movement in an easy way was made by a BF 30 Vario Optimum CNC milling machine (Optimum Maschinen Germany GmbH, Hallstadt, Germany). It has been adapted by fixing the welding torch to the milling head in the Z axis, while the X-Y table of the CNC system enables the deposition of a layer in the fixed Z level. To deposit the next layer, the Z axis elevates the torch and makes the deposition in the next Z level.
• WAAM process:
o Metal inert gas (MIG) o CMT In this work, a set of WAAM samples have been manufactured under different process conditions, considering the parameters with more influence in the mechanical properties of WAAM parts: Different WAAM processes have been also applied to analyze the influence of using a conventional MIG process, a MIG process with CMT, and a MIG process with CMT advanced and different current polarities.
Cold metal transfer welding (CMT) is based on a MIG welding process but modified by a short-circuiting transfer process, firstly developed by Fronius Austria in 2004 [36] . CMT provides a controlled method of material deposition and low thermal input by incorporating an innovative wire feed system coupled with high-speed digital control [41] . With CMT, the arc only introduces any heat for a very brief period during the arc-burning phase and the arc remains stable, then CMT can be used everywhere and in every position [42] .
The CMT advanced is an evolution of the previous process and it obtains a lower thermal input during welding with respect to the original CMT process thanks to the possibility of polarity change. This produces the reversal of the direction of the plasma jet several times per second leading to 35-40% lower thermal inputs [43] . The reversal of polarity takes place in the short-circuit phase so that this welding process guarantees the high stability expected from cold welding [44] . Thermal input is usually calculated based on the Equation (1):
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nufacturing of samples nº 1 to 6 is presented in Figure 3 , where the substrate where they have ilt is also shown. Manufacturing of samples nº 1 to 6 is presented in Figure 3 , where the substrate where they have been built is also shown.
1 to 6 is presented in Figure 3 , where the substrate where they have been built is also shown. Subsequently, the samples were removed from the substrate; an example of the final pieces obtained is shown in Figure 4a , with sample nº 4. Samples nº 2 and 7 share the same WAAM parameters; however, sample nº 7 differs from sample nº 2 in the way the wire is deposited. In order to provide a continuity during the deposition process, and to avoid edge effects, sample nº 7 has been obtained using a continuous tool path, as shown in Figure 4b (CMT continuous trajectory). Final sample after removing it from the substrate is also presented in this figure. 
Where TI is the thermal input in J/mm, V is the arc voltage in volts (V), I is the process intensity in Amperes (A), μ is the thermal efficiency that is a constant coefficient based upon the welding process used; finally, the welding speed is provided in mm/s. The samples and the definition of the parameters used are presented in Table 3 , including the calculation of thermal input. Note 1*: thermal input has been calculated based on the power (V•I) provided by the equipment, the welding speed and the thermal efficiency coefficients, typically μ (MIG) = 0.8, and μ (CMT) = 0.52 considering a 35% of lower thermal efficiency compared to MIG process [43] .
Manufacturing of samples nº 1 to 6 is presented in Figure 3 , where the substrate where they have been built is also shown. Subsequently, the samples were removed from the substrate; an example of the final pieces obtained is shown in Figure 4a , with sample n 40% lower thermal inputs [43] . The reversal of polarity takes place in the short-circuit phase so that this welding process guarantees the high stability expected from cold welding [44] . Thermal input is usually calculated based on the Equation (1):
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Brinell Hardness Tests
Brinell Hardness Tests and Measurement of the Ball Prints
Brinell hardness tests have been developed [45] using a ball indenter of ϕ2.5 mm and a test force of 612.9 N. The ball prints imprinted at the surface of the seven samples are presented in Figure 5 . A set of 5 points have been imprinted at the cross-sections analyzed, as explained in Figure 4a ,b. These surfaces have been previously polished to obtain a smooth condition and free from oxides and Cold metal transfer welding (CMT) is based on a MIG circuiting transfer process, firstly developed by Froniu controlled method of material deposition and low thermal feed system coupled with high-speed digital control [41] . W for a very brief period during the arc-burning phase and used everywhere and in every position [42] .
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Where TI is the thermal input in J/mm, V is the arc voltage in volts (V), I is the p Amperes (A), μ is the thermal efficiency that is a constant coefficient based upon t used; finally, the welding speed is provided in mm/s. The samples and the definition of the parameters used are presented in Tab calculation of thermal input. Note 1*: thermal input has been calculated based on the power (V•I) provided by the welding speed and the thermal efficiency coefficients, typically μ (MIG) = 0.8, and considering a 35% of lower thermal efficiency compared to MIG process [43] .
Manufacturing of samples nº 1 to 6 is presented in Figure 3 , where the substra been built is also shown. Cold metal transfer welding (CMT) is based on a MIG welding process but modified by a shortcircuiting transfer process, firstly developed by Fronius Austria in 2004 [36] . CMT provides a controlled method of material deposition and low thermal input by incorporating an innovative wire feed system coupled with high-speed digital control [41] . With CMT, the arc only introduces any heat for a very brief period during the arc-burning phase and the arc remains stable, then CMT can be used everywhere and in every position [42] .
7 and the final sample obtained. 
Brinell Hardness Tests and Measurement of the Ball Prints
Brinell hardness tests have been developed [45] using a ball indenter of ϕ2.5 mm and a test force of 612.9 N. The ball prints imprinted at the surface of the seven samples are presented in Figure 5 . A set of 5 points have been imprinted at the cross-sections analyzed, as explained in Figure 4a ,b. These surfaces have been previously polished to obtain a smooth condition and free from oxides and lubricants. The numbering of the points increases from the location of the substrate (see yellow arrow in Figure 4a ,b). The aim is to obtain a hardness profile for each sample to compare the observed behavior depending on the manufacturing parameters used in each case. The measurement device to determine experimentally the print diameter is a profile projector TESA VISIO (TESA SA, Renens, Switzerland). Two indentation diameters measured at 90 • have been obtained for each sample allowing to calculate a mean diameter of the indentation.
The Brinell hardness is proportional to the quotient obtained by dividing the test force by the surface area of the indentation left in the surface after removal of the test force.
The dispersion among measurements can be quantified using the reproducibility limit, R, which is calculated as shown in Equation (2) [46] :
where d max and d min are the largest and smallest diameters and d is the mean of measured diameters.
Determination of Mechanical Strength
Hardness is usually defined as resistance to permanent indentation. This testing provides a measurement of the material strength through its resistance to scratching. Thus, the possibility to predict tensile strength based on values of materials hardness is often used. Equation (3) provides the general relationship between hardness and tensile strength:
where UTS is the ultimate tensile strength in MPa, H the hardness in a known scale and k is a coefficient. Several standards provide a correlation between hardness and tensile strength in steels using tables, charts, and coefficients of calculation, some of them are ASTM A370 [47] , ISO 18265 [46] , SAE J417 [48] , being the ASTM standard the most consolidated and used.
Equipment and Measurement of Microstructure
Microstructural analysis has been performed using the following equipment from the center for nanoscale materials (CNM) of the Argonne National Laboratory: a high resolution and high vacuum, scanning electronic microscopy Hitachi S-4700-II (Hitachi, Krefeld, Germany)-equipped with electron dispersive spectroscopy (EDS) detector Bruker XFlash 6160 (Bruker, Billerica-MA, USA). The testing conditions were 10 keV and 10 mA.
Results
Evaluation of Hardness Profiles
As the WAAM process is layer-based, the most critical area is the one located at the overlapping of the two layers, or as close as possible to it. For this reason, we have chosen the positions of the indentations (ID), making sure that for each sample we have most of the points located at these critical areas. In Appendix A, the position of the points for every sample is shown. As we can see, most of the indentations are located following this criterion. Table 4 provides the mean values of Brinell hardness along with the thermal input and the calculation of reproducibility limit (R) according to Equation (2), using the diameters of indentations. Table 4 . Process, Brinell hardness, and R values.
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Arc voltage (constant = 9.2 V) Current intensity (50 A, 66 A, 70 A, 78 A) Layer step (1.0 mm, 1.5 mm) Different WAAM processes have been also applied to analyze the influence of using a onventional MIG process, a MIG process with CMT, and a MIG process with CMT advanced and ifferent current polarities.
Cold metal transfer welding (CMT) is based on a MIG welding process but modified by a shortircuiting transfer process, firstly developed by Fronius Austria in 2004 [36] . CMT provides a ontrolled method of material deposition and low thermal input by incorporating an innovative wire eed system coupled with high-speed digital control [41] . With CMT, the arc only introduces any heat or a very brief period during the arc-burning phase and the arc remains stable, then CMT can be sed everywhere and in every position [42] .
The CMT advanced is an evolution of the previous process and it obtains a lower thermal input uring welding with respect to the original CMT process thanks to the possibility of polarity change. his produces the reversal of the direction of the plasma jet several times per second leading to 35-0% lower thermal inputs [43] . The reversal of polarity takes place in the short-circuit phase so that his welding process guarantees the high stability expected from cold welding [44] . Thermal input is sually calculated based on the Equation (1):
here TI is the thermal input in J/mm, V is the arc voltage in volts (V), I is the process intensity in mperes (A), μ is the thermal efficiency that is a constant coefficient based upon the welding process sed; finally, the welding speed is provided in mm/s. The samples and the definition of the parameters used are presented in Table 3 , including the alculation of thermal input. Manufacturing of samples nº 1 to 6 is presented in Figure 3 , where the substrate where they have een built is also shown. Conventional MIG (sample 1) process provides the biggest thermal input and hardness along with the minimum R value (0.003). The CMT process (samples 2 and 7) with the lowest thermal inputs, provides an adequate dispersion among values, exhibited by their R values (0.064 and 0.025, respectively). Hardness values in samples 3 to 6 (CMT advanced) do not seem to follow a pattern dependent on thermal input, but hardness and thermal inputs adopt intermediate values.
The hardness profiles are presented in Figure 6 along with the average values. A homogenous hardness profile is desirable as this means that the mechanical properties obtained by the WAAM process are appropriate and the in-service behavior of the parts is expected to be better than with the non-homogeneous ones.
As we can see in Figure 6h , according to the standard deviations of the hardness values, samples 3 and 6 present the least homogenous hardness profile, whereas samples 1 and 7 are the best ones. As we can see in Figure 6h , according to the standard deviations of the hardness values, samples 3 and 6 present the least homogenous hardness profile, whereas samples 1 and 7 are the best ones. Cold metal transfer welding (CMT) is based on a MIG welding process b circuiting transfer process, firstly developed by Fronius Austria in 2004 controlled method of material deposition and low thermal input by incorporat feed system coupled with high-speed digital control [41] . With CMT, the arc on for a very brief period during the arc-burning phase and the arc remains sta used everywhere and in every position [42] .
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1, MIG (conventional); (b) Sample n
Manufacturing of samples nº 1 to 6 is presented in Figure 3 , where the substrate where they have been built is also shown. Cold metal transfer welding (CMT) is based on a MIG welding process but modified by a shortcircuiting transfer process, firstly developed by Fronius Austria in 2004 [36] . CMT provides a controlled method of material deposition and low thermal input by incorporating an innovative wire feed system coupled with high-speed digital control [41] . With CMT, the arc only introduces any heat for a very brief period during the arc-burning phase and the arc remains stable, then CMT can be used everywhere and in every position [42] .
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Where TI is the thermal input in J/mm, V is the arc voltage in volts (V), I Amperes (A), μ is the thermal efficiency that is a constant coefficient based used; finally, the welding speed is provided in mm/s. The samples and the definition of the parameters used are presented calculation of thermal input. Note 1*: thermal input has been calculated based on the power (V•I) provided welding speed and the thermal efficiency coefficients, typically μ (MIG) = 0 considering a 35% of lower thermal efficiency compared to MIG process [43] .
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Evaluation of Mechanical Strength
Using the hardness measurements, estimated ultimate tensile strengths (UTS) have been calculated and provided in Table 5 . As it was previously mentioned, the welding wire is an ER70S-6 type, described by the american society of mechanical engineers ASME SFA 5.18 standard [49] , which indicates some recommended base materials to be welded using this type of welding wire; these are SA-36 [50] , equivalent to S235JR, SA-285 [51] , SA-515 [52] , and SA-516 [53] . Table 6 exhibits the specified range of UTS for these materials. These values are used to help analyze the ultimate tensile strength (UTS) calculated using the hardness measurement performed in the 7 samples. 
Microstructure Findings
Microstructural analysis of each sample has been performed using a high-resolution scanning electronic microscopy at the center for nanoscale materials (CNM) of Argonne National Laboratory. Figure 7a provides an image of the surface along the deposition direction in Sample n different current polarities.
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Where TI is the thermal input in J/mm, V is the arc voltage Amperes (A), μ is the thermal efficiency that is a constant co used; finally, the welding speed is provided in mm/s. The samples and the definition of the parameters used calculation of thermal input. 1 (MIG conventional); a decohesionated layer in the upper edge is observed in this sample (a zoom of this area is presented in Figure 7b , showing the microstructure more in detail). Appendix B shows the surface of deposited material along the thickness for samples n  Layer step (1.0 mm, 1.5 mm) Different WAAM processes have been also applied to analyze the influence of using conventional MIG process, a MIG process with CMT, and a MIG process with CMT advanced an different current polarities.
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Where TI is the thermal input in J/mm, V is the arc voltage in volts (V), I is Amperes (A), μ is the thermal efficiency that is a constant coefficient based up used; finally, the welding speed is provided in mm/s. The samples and the definition of the parameters used are presented in calculation of thermal input. Note 1*: thermal input has been calculated based on the power (V•I) provided b welding speed and the thermal efficiency coefficients, typically μ (MIG) = 0.8, considering a 35% of lower thermal efficiency compared to MIG process [43] .
Manufacturing of samples nº 1 to 6 is presented in Figure 3 , where the su been built is also shown. The external layer of sample 1 (MIG process) seems to be formed by Fe 3 C (6.67% C) and probably other complex carbides made up of some of the rest of the elements oxidized but present in the normal weight percentage according to the composition provided by the manufacturer (Mn 1.40-1.85%, Si 0.80-1.15%, Cu < 0.5%). In addition, in the process magnetite (Fe 3 O 4 ) seems to be also present. Anyway, the external layer is a pernicious effect that could be avoided using the CMT process, as it is possible to see through the figure in Appendix B.
The presence of a decohesion layer implies poor surface properties; according to the analysis carried out, this layer comprises the formation of carbides (which are typically hard and brittle compounds) and oxides, which give the surface a poor surface finish and low resistance to external chemical and mechanical agents; therefore, these types of layers are not desirable and should be avoided.
Additionally, micrographs at the interface between layers have been obtained to zoom into this area at the microstructural level (Figure 8 ). No special findings are found at this level. 
Discussion
As indicated, a homogenous hardness profile is desirable as this means that the mechanical properties obtained by the WAAM process lead to better in-service behavior of parts than with nonhomogeneous ones.
The most homogeneous profiles are obtained in samples numbers 1, 2, and 7 (in sample 2 the measurement of point 5 has been obviated as the print is too close to the surface). Homogeneous profiles for MIG procedure (sample 1) were also obtained in the work by Wang et al. [19] . Samples 2 and 7 present lower values of hardness than sample 1 (Table 4) ; this can be explained as the CMT process applies lower thermal inputs compared to the conventional MIG process and therefore, the sample 1 experience greater sub-cooling from the melting state and then, a microstructure of finer grains is expected. Bigger grain sizes at the microstructure lead to lower hardness values as grains limits contribute to block the movement of material dislocations.
Slight differences between sample 2 (CMT) and 7 (CMT Cont.) are due to the effect of the Cold metal transfer welding (CMT) is based on a MIG welding process but m circuiting transfer process, firstly developed by Fronius Austria in 2004 [36] controlled method of material deposition and low thermal input by incorporating feed system coupled with high-speed digital control [41] . With CMT, the arc only for a very brief period during the arc-burning phase and the arc remains stable used everywhere and in every position [42] .
The CMT advanced is an evolution of the previous process and it obtains a l during welding with respect to the original CMT process thanks to the possibility This produces the reversal of the direction of the plasma jet several times per se 40% lower thermal inputs [43] . The reversal of polarity takes place in the short-c this welding process guarantees the high stability expected from cold welding [4 usually calculated based on the Equation (1):
Where TI is the thermal input in J/mm, V is the arc voltage in volts (V), I is the Amperes (A), μ is the thermal efficiency that is a constant coefficient based upon t used; finally, the welding speed is provided in mm/s. The samples and the definition of the parameters used are presented in Ta calculation of thermal input. Note 1*: thermal input has been calculated based on the power (V•I) provided by the welding speed and the thermal efficiency coefficients, typically μ (MIG) = 0.8, and considering a 35% of lower thermal efficiency compared to MIG process [43] .
Manufacturing of samples nº 1 to 6 is presented in Figure 3 , where the substra been built is also shown.
Slight differences between sample 2 (CMT) and 7 (CMT Cont.) are due to the effect of the continuous path applied in sample 7 that, for the same thermal input due to the same process parameters, implies an accumulation of heat at the zone due to lower heat transmission and consequently, induces a higher thermal input than the one computed and, as explained before, this leads to a higher hardness value in sample 7.
Samples fabricated by CMT Advanced processes have a pronounced decreasing trend of the hardness profile, showing the highest values closer to the substrate (see Figure 6c-f) . This is due to the chilling effect of the substrate that generates a higher cooling rate and therefore, the sub-cooling effect from the melting state is higher in this zone [5] . The results are in good agreement with the ones presented by Liberini et al. in their work from 2017 [54] ; where an increase of hardness is also found close to the free surface as a result of the thermal chilling due to contact with the air at room temperature. In this work [54] , the authors also stated that the cooling curve is the factor that most influences the final microstructure and that no important differences between the samples are obtained from different process parameters. With CMT Advanced, the mean hardness values are very similar for samples 3 to 6, and the thermal inputs as well.
The most inhomogeneous profiles are obtained in samples 5 and 6, where some peaks are observed. In these two cases a polarity of 5 and +5, respectively, is applied during the process, and the intensity applied is also different in both cases (66 and 78 A, respectively). However, regardless the different conditions, the mean hardness values are close between them and to the ones obtained with polarity 0. In general, we can conclude that the CMT Advanced process does not show a better performance of the process regarding the homogeneity of the hardness profile of the parts and the mechanical properties.
Indentation points are located at the overlapping area (or as close as possible) of the two layers, the most critical area for an additive manufacturing process. No significant influence of the position of the indentation points on the hardness values is observed at this level of analysis, being these results are in good agreement with those obtained by other authors using a similar methodology, such as Xu et al. [4] . Micrographs at the interface between layers did not show special findings at the microstructural level. Additional research will be conducted in future works in order to analyze locally the behavior between layers, combining higher resolution hardness tests and metallographic analysis in this area.
As WAAM is a layer-by-layer manufacturing process that uses a welding wire that melts on a previously welded substrate, it is important to ensure that the requirements of weldability, such as the mechanical properties of a material that are joined using the welding wire, are well suited. Using the recommendations provided by the Kobe Welding Handbook [55] , the base material should present a minimum UTS between 400-480 MPa. Therefore, considering the requirements indicated in Table 6 , in this evaluation, a range between 400 and 550 is considered suitable. Values higher than 550 MPa could lead to the appearance of hardness peaks between layers, which are not recommended as they do not guarantee the homogeneity of the mechanical behavior. This supposes that the estimated UTS at the surface of sample 1 (MIG conventional process), equal to 581.28 MPa, is greater than the upper limit that the new substrate should exhibit. The remaining mean values (samples 2 to 7) are between 400 and 550 MPa, nevertheless some specific values are above the upper limit (550 MPa) in samples 3 to 5. Thus, it can be concluded that CMT process (samples 2 and 7) and CMT Adv. pol. +5 (sample 6) provides the most adequate UTS values.
In addition, the microstructural analysis of each sample (1 to 7) has been performed using high-resolution scanning electronic microscopy. Homogeneity has been observed in the transition between layers in all samples. Nevertheless, a decohesionated layer in the upper edge is observed in sample 1 (MIG conventional). The external layer is a pernicious effect that can be avoided using the CMT process.
In agreement with other authors, there are no significant differences between the samples processed with different process parameters when using a particular WAAM process [16, 54] .
Conclusions and Future Work
After discussing the main results, Table 8 shows a summary of the best process conditions considered in this work. Table 8 . Summary of the best process conditions according to homogeneous hardness profiles and mean values, the estimated ultimate tensile strengths (UTS) derived from hardness measurements, and the absence of the decohesionated layer at the surface found at microstructural level.
Sample n during welding with respect to the original CMT process thanks to the possibility of polarity change. This produces the reversal of the direction of the plasma jet several times per second leading to 35-40% lower thermal inputs [43] . The reversal of polarity takes place in the short-circuit phase so that this welding process guarantees the high stability expected from cold welding [44] . Thermal input is usually calculated based on the Equation (1):
Where TI is the thermal input in J/mm, V is the arc voltage in volts (V), I is the process intensity in Amperes (A), μ is the thermal efficiency that is a constant coefficient based upon the welding process used; finally, the welding speed is provided in mm/s. The samples and the definition of the parameters used are presented in Table 3 , including the calculation of thermal input. Manufacturing of samples nº 1 to 6 is presented in Figure 3 , where the substrate where they been built is also shown.
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Appendix A. Position of the Indentations
In Figure A1 the position of the indentation points for every sample is shown. Images of points located more clearly between layers are highlighted with red frame. In Figure A1 the position of the indentation points for every sample is shown. Images of points located more clearly between layers are highlighted with red frame. Note 1*: thermal input has been calculated based on the power (V•I) provided by the equipment, the welding speed and the thermal efficiency coefficients, typically μ (MIG) = 0.8, and μ (CMT) = 0.52 considering a 35% of lower thermal efficiency compared to MIG process [43] .
1, using MIG conventional without CMT. Figure A2 shows the surface of deposited material along the thickness for samples nº 2 to 7. The resin embedding the sample has not to be confused with the formation of the decohesionated layer that was only found in Sample nº1, using MIG conventional without CMT. Cold metal transfer welding (CMT) is based on a MIG welding process but modified by a shortcircuiting transfer process, firstly developed by Fronius Austria in 2004 [36] . CMT provides a controlled method of material deposition and low thermal input by incorporating an innovative wire feed system coupled with high-speed digital control [41] . With CMT, the arc only introduces any heat for a very brief period during the arc-burning phase and the arc remains stable, then CMT can be used everywhere and in every position [42] .
Manufacturing of samples nº 1 to 6 is presented in Figure 3 , where the substrate where they have been built is also shown. Cold metal transfer welding (CMT) is based on a MIG welding pro circuiting transfer process, firstly developed by Fronius Austria in controlled method of material deposition and low thermal input by inco feed system coupled with high-speed digital control [41] . With CMT, th for a very brief period during the arc-burning phase and the arc rem used everywhere and in every position [42] .
The CMT advanced is an evolution of the previous process and it during welding with respect to the original CMT process thanks to the This produces the reversal of the direction of the plasma jet several tim 40% lower thermal inputs [43] . The reversal of polarity takes place in t this welding process guarantees the high stability expected from cold w usually calculated based on the Equation (1):
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Where TI is the thermal input in J/mm, V is the arc voltage in volts (V Amperes (A), μ is the thermal efficiency that is a constant coefficient ba used; finally, the welding speed is provided in mm/s. The samples and the definition of the parameters used are presen calculation of thermal input. Note 1*: thermal input has been calculated based on the power (V•I) prov welding speed and the thermal efficiency coefficients, typically μ (MIG considering a 35% of lower thermal efficiency compared to MIG process [ Manufacturing of samples nº 1 to 6 is presented in Figure 3 , where been built is also shown.
7, CMT Cont.
